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Abstract

A  d e e p  s p a c e s a t e l l i t e  downconvetter rece ive r  was p r o p o s e d  b y  J e t  P r o p u l s i o n

L a b o r a t o r y  (JPL)  a n d N A S A  L e w i s  Reseaich  C e n t e r  (Le RC) f o r  t h e  Naval

Research L a b o r a t o r y ’ s (NR1)  tiigh Iemperatute S u p e r c o n d u c t i v i t y Space

Exper iment , p h a s e - n  (HTSSE-11)  p r o g r a m .  S p a c e  q u a l i f i e d  l o w - n o i s e  c r y o g e n i c

downconverter  r e c e i v e r s u t i l i z i n g t h i n - f i l m h i g h tempera tu re s u p e r c o n d u c t i n g

(HTS) p a s s i v e  c i r c u i t r y  a n d  s e m i c o n d u c t o r a c t i v e  d e v i c e s  w e r e  d e v e l o p e d  a n d

d e l i v e r e d  t o  NRL. The {ownconverter  c o n s i s t s  o f  a n  liTS pre-select f i l t e r ,  a. ..

c r y o g e n i c  l o w - n o i s e  a m p l i f i e r ,  a  c r y o g e n i c  m i x e r ,  a n d  a  c r y o g e n i c  o s c i l l a t o r

w i t h  a n  H T S  r e s o n a t o r .  H T S  c o m p o n e n t s w e r e  i n s e r t e d  a s  t h e  f r o n t - e n d  f i l t e r

and t h e  l o c a l  o s c i l l a t o r  r e s o n a t o r  f o r  t h e i r  s u p e r i o r  7 7 K  p e r f o r m a n c e  o v e r  t h e

conven t iona l  componen ts . T h e  semiconducting l o w  n o i s e  a m p l i f i e r  a l s o  b e n e f i t e d

f r o m c o o l i n g  t o 77K. T h e  m i x e r  w a s cJesigned s p e c i f i c a l l y  f o r  c r y o g e n i c

a p p l i c a t i o n s  a n d p r o v i d e d  l o w  c o n v e r s i o n  l o s s  a n d  l o w  p o w e r  c o n s u m p t i o n .  I n

a d d i t i o n  t o  a n  e n g i n e e r i n g n]oc~el, t w o space  q u a l i f i e d  u n i t s  ( q u a l i f i c a t i o n ,

f l i g h t )  w e r e  b u i l t  a n d  d e l i v e r e d  t o  NR1.. M a n u f a c t u r i n g ,  i n t e g r a t i o n  a n d  t e s t  o f

the  space  qua l i f i ed  downconver te rs a d h e r e d  t o  t h e  r e q u i r e m e n t s  o f  J P L  c l a s s - D

s p a c e i n s t r u m e n t s a n d p a r t i a l l y  t o MI L.- S1-D-883D s p e c i f i c a t i o n s . The

q u a l i f i c a t i o n  u n i t  h a s  -50K system  n o i s e  terllpcr~tljre  w h i c h  i s  a  f a c t o r  o f  t h r e e

b e t t e r  t h a n  a c o n v e n t i o n a l  d o w n c o n v e r t e r at r o o m  t e m p e r a t u r e . Commerc ia l
. . .

app l i ca t ions s u c h  a s  i n t e r - s a t e l l i t e  l i n k s  a n d  V-SATS a r e  e n v i s i o n e d  t o  b e n e f i t
-. .

b y  >3 ciEl Iir)k m a r g i n , or a factor of 2 in ar)tenna size, from a future

{TS /  scmiconducting  c r y o g e n i c  r e c e i v e r  e m p l o y i n g  n e w  Inp b a s e d  HEM-

11 a spread s~)ectrunl corllt~]l.~[~i(;:]lior] nc!twork, t h e  numbei o f  u s e r s  pc

hybr id

LNA.

b c a m

WOUld  m o r e  Ihatl dOUb!e.



other

finite

1. INTRODUCTION

“The discovery of the high temperature superconductor Yf3a2CU307.01  in 1987 followed by. . . .

ceramic superconductors brought in a rush 10 employ their exotic

penetrat ion depth  characteristics in the fabrication of new

microwave components. NRL’s  call for participa  “on in the }{ TSSE-I
~ ._ $-1” Y

low microwave loss and

and radical breeds of

program was the first

serious attempt to develop~t-il”S cornponcnt~  for space applications. JPL participated in the NF{I.-... .—

HTSSE-I  program by delivering low pass filters. H7.S passive components (such as filters,... -

resonators, delay lines,... ) are superior 10 tt)e convent ional  planar c ircui ts in their

performance and are also miniaturized. Active t~~,>~fwjc,gs  are a promising  future technolo~~,-. . ----- —----- . . . . . . . . . . . . . .= ______ _ ..+, -

which requires furlher development. Serniconducting  aclive  devices,. . . . . . . . . . . . . . . . . . -. . .

mature with excellent performance in the areas of low noise aniplifiers,

mixer elements. For a cryogenic applicalic)f),  tt)e marriage between t il S

s.crniconducling  active devices provides the best solution.

on the other hand,

and low conversion

passive components

are

loss

and

1 tie purpose of the HTSEE-11 prograrrl  was to demonstrate the funcliorlality of 14TS

advanced devices and communication subsystems in space 11]. JPL and NASA LeRC joint

participation in the NRL. IITSSE-11  prograrll  was made in an environment of cooperation

governed by the issuance of a memorandum of understanding between NASA and NRL. The JPL. /

NASA LeRC team submitted a proposal to build a hybrid }11 S / s’emiconducting  low noise

cryogenic receiver downconverler  for NASA applications. A conventional deep space satellite

receiver was t)ench marked for cjevelop II IcIIt. A frequency of 7.4 G}lz  was cl)c)sen  based on tl~c

upli[lk  frequency allocation of NASA’S Jf’[ [)ccp  S[mcc Network. 1 tic proposal was accepted for

considerat ion by N[{l.. Af(er successful c~elivcry  of a pfolofypc unit to NI{L (Marctl  31, 1993),

Jf’1./NASA  I.c1{C were cleared for cc)nti[lucd dcsigrl,  fabricalioll,  intcgratio[l,  lest, arud delivery of
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two space qualified units. _fhe qualification unil was delivered JarlUary 6, 1994 followed by a

fligh[  urlit on July 8, 1994. F{esults of I {1 SS[. -11 program will enable  spacecraft designers tcj

evaluate ttlc benefils  of using Iil S comporients  in space commurlication  links.

1 he delivered cryogenic low noise downconverler  receiver units were intended for

integration into the Advanced Research & Global Observation Satellite scheduled for launch in

1996 by Lockheed Corporation. The units were qualified by JPL as class-D space instruments

and adhered to some specific JPL requirernenls.  1 he JPL team which was responsible for the

integration phase of the project, also adopted some of the recluiremenls  of MI L-ST D-883[)

which applies to the integration and test of hybrid rnicroeleclronics.
F)

Ok
r
.

In this  paper, we present the design and performance of space-qualified hybricj.-. . .- -..

delivered to NRL. Performance comparisons between the delivered units and conventional state-

of-arl  receivers will be rnacjc. Advarlcos  in ttlc re levan t  techno log ies  subscquen[  to the

technology freeze date for this projecf,  promise improved perfornlance  for a future hybrid

semiconducting  / HIS receiver. Possible applications and markcl

h y b r i d  MMIC  /  HTS receiver wi l l  be iderllificd.  In addiliol],

concerning the integration of these units irl accordance with Ille

space instruments and in parlial  adtlerencc  to MI L-STD-883D.

in~pacts  of a future advanced

we will discuss the issues

requirements of JPL class-D

RECEIVEf{ DOWNCONVEf{l  EF3 DESIGN I{ ATIONALE

?/
pjlf

. .

“I I]c I]ybrid 1{1 S / scrniconductillg  cfyogcr]ic  receiver dowrlco!wcrlers  were designed with
- - -- ..>

a  sirlglc  i]]arkct

cc)nlrlland,  :irld

in mind. NASA provic!es :jrl ir]fr;is(ructurc  of grour I(j stations to track,  u]orlitor,

commun ica te  wittt ttlc Earltlorbiting  ard dce~)  s[)ace satel l i tes. Deep-space
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probes have specifications which set them aparl  from commercial satellites.  Ttlese  include low

bit rate communication transceivers, very low Ihreshold  commaud  receivers, and ultra stable
fil]~ ~

frequency transponders. The hybrid til-S / semiconcfucting  receiver Promises to satisfy the
..-. - ~.- -—-----— ‘. . ---- . . . . . . ..

specific NASA rleeds. _f tle hybrid t {“f S receiver was conceptualized  afler  considcrir~g a porlion  of a

deep-space lranspondor  where fhe impact of HIS insertion seerned the

antenna and its associated sky nc)ise temperature, and the pre-s[!lect  filter

establish a lower bound for receivet  system noise. An HTS component

most beneficial. The

in the RF signal path

with its

microwave loss is a natural candidate for the construction of front-end pre-selecl

oscillator in a transponder design needs to satisfy stringent requirements such as

low jitter, low phase noise. As these characteristics are governed by the quality

inherent low

filter. A Ioc:il

high stability,

factor (Q) c]f

the resonator, application of planar t iTS resonators for the stabilization of the local oscillator

seems advantageous.

DESCRIP1 ION OF lti E DOWNCONVERIEF?

A block diagram of the H-[ S cfowncotlverler  is shown in Figure 1. It consists of an HTS pre-

select filter, a cryogenic low noise amplifier (LNA) using High Electron Mobility l-ran  sisters

(tlEM_f ), a cryogenic diode mixer, and a cryogenic Field Effect 1 ransistor  (FET) oscillator with

an HT S resonalor.  The HIS film is YHa 1.9~[.aO,o~CUo~z.d  (Y131 CO) deposited only on one side of

lanthanum aluminate (LaA103) substrates.

}’igure  2 is a piciure  of ttl~! delivered qualification receiver. 1 tle wtlite  substrates are

A1203 and are \Ised in Itlc cor]verl[iollal  IIIodules. 1 lIe Irar]sparerlt  substr:itcs  are typical of 1{1 S

circuits. The receiver components are inl Cgraled into a package [rrachined from Kovar. 1 he

packaqc  i s  h e r m e t i c a l l y  sealed  for protcctic)n  agairlsl Iloslilo prc-fauncll  a n d  d o c k  till]e
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cnvironrnen!.  Cavity modes were considered for the design of the individual module

cornparlments.  A septum separates the two stages of LNA to rnir~irllize f~~ irlterfererme.  1 he

individual circuits are mounted on Kovar carriers which are atlached  to Itle housing using 0-80

screws and 0.001 inctl  Itlick  indiurn foil stlim for thermal sinking. 1 tlerrnal  arlalysis  irldicated

that the temperature

more than 1 degree.

rise of HTS circuit in the vicinity of the oscillator device will not exceed

The description of the individual downconverter components follows

H T S  PRE-SELECT FILTER
.

1 he superconducting pre-select  filt(?r is a microstrip circuit on a 15.0x7x0.51 mm

lLaA103  substrate. 1 f~e patterned microstrip  corlduc[or  on the top surface is a Illin film (--6000

A typ.) of YF3LCC)  (TC-89-92K,  JC--3X1 O~A/crn~ @77 K). Our work has utilized ablation targets

of rmnlinat composition YBa1,g51.ao,05c  u3CJ7  cl, because a sn]all amount Of 1-a doping is reportod to

prOdUCe higher YEICO transition temperature [2]. We have found that the combination of

working at relatively short target-to-substrate dislances  and using the La-doped YBCO target

h a s  resufted irl better YBCO  f i lm  qua l i t y  and  reproduc ib i l i t y  w i th  t yp ica l  t rans i t ion

temperatures ranging from 89 to 91 .5K. 1 hin fil~r~ of Yf3LC0  was deposited by laser ablation at

-800W and 100 m7 orr of 02 with a growth rate of -3 A / sec at 10 HZ laser repetition rate. An

in-situ layer of gold was sputtered on cooled 1{1 S film (<1 OOW) pric)r  to air vent at 10 rrtlorr

of Argon. Electrical contact pads were defined and -4OOO A gold was evaporated by e-beam. T-he

filter pattern was n~illed by 500 CV Ar iorl wllilc  (Ile substrate was on a water cooled  stage. 1 tle

irl-situ layer of gold on Yf3[ CC) III S thin filnl guarantees low conlacf  resistance betweerl  fhe gold

contact  pads and t { 1 S film. Additional gold at [lie contact pads improves bonding strength. Test



bonding sites were placed along the edges of the substrate. Backside of the substrale  consists of

Nb (I 2%~) / Cu (1 II) / Au (300~)  wi th copper provid ing the R~-  grourld  plarle.  Nb is a good

adtwsion  layer and gold passivatcs  the copper layer.

The  filter is a 4-pole parall(!l-coupled- line microstrip  design with  ha l f -wave leng th

resonators. In this structure, the narrowness of the passband  and the number of poles is

constrained by size of the filter  area. Six HTS filters, and a copper filter counterpart were

fabricated and tested. One HIS filler provided poor results due to problems in making proper

mechanical connections. All the remaining 5 HI S fillers had a better  performance titan the Cu

filter at 77K (85K)  by 0.5-0.6 dB (0.4-0.6 dB). At 89K, only one HT”S f i l ter performed

worse lhan copper (this HTS filler was inferior to the resi of lho H-IS filters even at 77 K).

Figure 3 shows a typical response of the t{l S 7.35 Gtiz filter, togetlwr  with the p[!rformance  of

the counterpart copper filter, and tile transmission of a gold microslrip  calibration line on

alumina all al 77K. 1 he estimated insertion loss

an improvement of over 0.5 dB conlpared  to a

temperature. l-he simulation] data (using EEsof ‘

for the HTS filter alone is 0.2-0.3 dB at 77K,

copper fi lm velsion  c)f the filter at ttte same

ouchstone)  is adjusled  in Figure 3 for better

comparison. This adjustment was accomplished by use of 23.6 instead of 24 for the permittivity  “

of tl]e 1 aA103 substrate, wittlou(  correcting for lhermal  contraction.

LOW-NOISE AMPLIFIER

l’llc I NA consists of two stages..

unils uses a GaAs-based f ujitsu f t 1X15X

“act] stage of IIIC fligtlt  / qualification (prc)totypc) LNA

(Mi[subis!}i  4414C) I{[Ml ctlip  device. 1 Ilc.firsl  stage

is designed for optimum Iwisc  liguro at c!yogenic  ~cnlpcratures. 1 tlc second stage is designed for

gain :ind to flatten tile response of IIW Iwo stages logett~[!r. 11 was lound necessary in the case of

-7



flight  units to use a sep[urn to isolate the IWO LNA stages for tligher  stability  and to elirninafe

cross-stage talk. The layout of ttte L.NA is shown in f igure 4. Each LNA uses microstrip

circuifry wifti  _fiW-Au metal  lization  cm split alumina substrates asserllblcd  with Ablcbond  84

1 LMI [3) cm a Kovar  carrier . A shim is placed in the gap separating the two substrates,

grounded with the 84-1 silver epoxy, as the t{ EMT chip pedestal. 1 he I{ EMT chip is also silver

epoxicd  to the pedestal and baked at 1500C for an hour. HEM-l chips were bonded to the bias

microstriplines  via 0.0005 inch gold wires.

Matching is performed for bottl  stages by use of quarler-wave transformers. Bias is

supplied at the gate by tying a high impedance l/4-wave line to the transformer. Drain voltage

is connected by 0.0005 inch gold wire bonds from [he stabilizing resistor to the ?~ulput

malching  section. A coupled-line section is placed at the output of each stage for blocking of [)C

voltages. 1 he filler acts as a DC block for the amplifier inpul. “1 uning pads were placed adjaccrlt

to tr:insmission  lines and wire bonds were tied from tile transmission lines to appropriate pads

to improve rwsponse.

The amplifier modules were Iested  at 77 K physical lc!mperature  prior to integration

with other sub-modules. I“he flighl  1 NA noise temperature measured at the refrigerator poll,

which includes the effect of refrigerator input coaxial cables arid test fixture losses, was less

than 44 K in the downconverter passband. Each connection includ~d  APC-7  hermetic fe[!d-

ttlrough  (-0.3 dR loss), 0.141 inch serili-rigid  stainless s[eel jacket coaxial cable (-0.16 d[~

loss), [)(; block (-0.1 1 dR loss) ar]d arI Eisenhart  transition (--0.16 dB loss). 1 he gain was ?8

d[l, wittl  an es[irnalcd  Iloise tcrllp[!rat[lr(!  of ’21 K for IIlc [ N/l alone.



t+TS R E S O N A T O R  S T A B I L I Z E D  OSCILLATCIR

The local oscillator is a GaAs MESFf:l”-based,  reflection mode circuit implemented as a

hybrid microwave integrated circuit. 1 tlc circuit (Figure 5) consists of a single lanthanum

alurrlinate  substrate on which passive elenlen[s  of the circuit (stabilizing resonator, reactive

feedback elements, transmission lines, anti DC bias lines) are realized as rnicrostrip  elements

etched from a YBCO film deposited on the top surface. The HTS layers are as described

previously for the pre-select  filler. Ihc GaAs MESFET  (Avanlek  Al F-131 OO-GP1 chip), which

is the active element of the circuit, is allactl(!d  to the substrate using a conductive epoxy. One

ltlous~irlds of an inch gold borld wires connccl  the MESF-E”I and the superconducting lines: gold

contact pads sputtered in-situ on the superconducting lines provide low contact resistarlcc.  Chip

capacitors and rcsislors  mounted next to ttle subslrate  arc used 10 filter a~ld de-couple the

transistor bias.

The design of the oscillator represerlied  a compromise between circuit performance and

corlslraints  for HTSSF-11.  Design considerations for this oscillator included minimizing size for

integration, minimizing power dissipation in the cryogenic package (to tens of mW), providing

enough RF power to drive the mixer (O to 3 dBm), and minimizing phase noise. Although an

oscillator using a resonator in the trar)sri]ission  mode (a 2-port resonator) should be less

scrlsiliv(!  to load pullir}g, bias drill, anc~ ri[q)lc, a design using a resonator in IIlc reflection mode

(a 1 -port resonator) was chosen to minimize complexity, size, and power dissipation. A linear

r(!SC)flilkJr coupl(:d  tO ttl(; OUlp  Ll[ ]IIIC  W:JS  US(!(~

~ he oLrlp(Jt of Ihe oscillator is near 84 C;t{z wilt) OUlpUl power levels of up to + 10 dBrn

(inlo a 50 Q load). Typical  operating corldilions  for Ihc oscillator when incorporated irllo the
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downcorlverler  provide O to + 3 dDm of output power wittl  <50 MW of DC power dissipat ion.

Because of variations in ttle LaAIOs substrates, the YBCO  etctlingt  and ttle YWO mater ial

propert ies,  ttlc output ctlarac!eristics  of ir)dividual  oscillators are 110[ identical and the bias

conditions for each oscillator must be individually tuned. Variations in the oulput  frequency can

be on the order of ~ 20 M}lz  from 8.4 Gt{z ancl are bias and tcr[lperature  dependent. Bias

dependence of output power and the oscillator frequency is plott(?d in Figure  6. Phase noise

performance of the oscillator is expected to be good, based on the high ‘(Q” values  of the

superconducting resonator. Unloaded Q’s approactling  6,000 have becrl obtained from the best

resonators at this frequency.

MIXEfl
. . .

The  mixer  (F igu re  7) is a hybrid rnicrostrip  circuit of 1 iW-Au  metallization on an

alumina substrate. The circuit is based on singly balanced hybrid ring design to minimize AM.-. .—- -.. . *

local oscillator noise and spurious signals and to conserve circuit area. The circuit area is 0.8

inchp, as opposed to 1.3 inch? for a comparable single ended mixer design. since  the mixer is to

be operated inside a cryosta[,  low mass is desirable to facilitate cooldown. A single-ended mixer

design WOUICI use only one cjiode and hence half the local oscillator power, but tllc requisite

filtering almost cjoubled  the size relalive  to an equivalent single balanced mixer. A double-

balanccd  mixer would have IIiqher  conversion loss, but requires rrlore power and its superior

bandwidth was not required. +

In order  to minimize IJIC downcol)verter  power dissipation load on the spacecraft cold

b u s ,  the n]ixer w a s  dcsig(lcd  to opcra[e  ul~der “’~t:~rv~cj”  10cal oscill;  i[or  (nominally O df~rn).

1 ow bar r ie r  bcarn-lead  Si Scllotlky diodes (M/A Com MA401 32) are used since tile ba r r ie r



potential is significantly lower than ttlat obtainable wittl  GaAs  diodes. Diodes were evaluated to

Ienlperatures  as low as -50K and [10 degradation in perforrnar]ce  was observed. Irllegral  quarler-

wavc COUp[d lines are used to blc)ck DC fronl the oscillator and lLNA A Ceranlic  chip capacilor  on

the mixer’s IF port blocks the passage of the bias vollage  to the external  connector. The hybrid

rirlg circumference is centered al the LO frequency to minimize LO feedthrough  to the RF port.

Port to port isolation is good; -33 dB l. O-to-RF, 43 dB LO-to-l F, and 37 dB RF-to-l F

isolations. T-his prevents dynamic range reduction of the LNA. LO (sigma) port VSWR is 2.4:1.

1 his poor return loss was correclcd  by a simple stub on the 50 ohm rnicrc)stripline  between the

mixer and oscillator. (Diode impedance was estimated by pumping the mixer at the desired drive

level and measuring the return loss at the alternate port with a network analyzer with the

matching stub in place; the LO was well betlaved).

Quarler-wave  radial stubs were uscci 10 ternlinafe  the RF and [ 0 sigr~als. DC bias(!s of tile

beam-lead

loss of Ihe

diodes are adjusted for optimum ring diode port impedances to minimize conversion

mixer’. Reasonably good conversion loss (abou[ 5.5 dB) was obtained.

Every module of the prototype

cryogenic temperatures. The issue of

qualification and flight HI S rcceivcrs

i n t e g r a t i o n

\

HT S receiver was designed for the best performance at

space qualification started with the development of the

and power supplies. A preliminary review was tleld 10

discuss fcssons  Iearr]cd in

p l a n  for ttlc cicvcloprr]cntr

the development of the prototype receiver and to investigate the task

integr:!tiorl,  arid lest of Itlc space -qual i f ied uriits. Linlited  avail aL)lc

time dictated minimum design ctlanqes Ncverttlcless,  a simpler til S preselect filter design

w a s  clloscn.  }{1 S tllir]  filnls  fabricated  al JPL M i c r o  [)eviccs [ aboratory  w e r e  t o  r e p l a c e

procured films from commercial t{_l S fourldaries,  ‘1 he 1.NA d(!veloprnent  t(!arn  aciopted improved

11



HEMT devices to decrease the system noise figure. A new housing nlaterial  and design was chosen

to provide Ilernlctici(y.  Power supplies were adc~cd 10 tlw list of dcliv~:rables. 1 flc production of

the }{1 S receiver mOdUleS and housings, lhc power supplies, and ttleir  integration and tests were

I1OW subject to JPL class-D space ir)strunlents  [4] and Mll -S1 [J-883D requirements (partial).

The burden of adherance  to the requirements were mostly in the integration and test phases of

the flight units at the system level. We now describe the development of each individual module.

1 he individual circuits were mounted
k,

was screened against y to a transformation

carriers were machined flat with ~ 0.0005

on Kovar carriers. The Kovar material procurx!d

above 77K (according to MI L-I-2301  lC). The

inch accuracy over their entire surfaces. They

were gold plated (0.0001-0.0002 inch) according to MI L-C+ -45204C  Grade C Type II over

0.00002-0.00004 inch nickel flash, annealed to 3500F, and inspected for any sign of metal

adtlesion  failure.

l-he t{TS  ttlin film of YBLCO  was prepared as described before.  Insitu deposition of a

ttlirl layer of gold guararltecd  low corltact resistance. l-he gold layer also protected the YBLCO  film

from subsequent photolithograptlic  processing. No post-deposition annealing of the YBLCO  films

or gold contacts was performed. AC susceptibility transition nlcasurcments  were performed to

select suitable films for filter and oscillator circuit fabrications. 1 he criteria for selection

process were AC

width less than

~wrforrned well in

susceptibility onset transition temperature greater than 91 K and transition

1 K. It was empirically determined that films which n)et these criteria

nlicrowave  circuits.

Along  wittl  (;acl I 1x1 cm? Y[ll (:() filnl,  a snlall(!r  “ s i s te r  ch ip , ”  was  fat)ricated.  1 Ile

“sister chips,” were tested for film adtlcsiorl.  1 he normaf-metal grounc~ plane and gold contact

layer on tl}e YB1 CO were subjected to a simple “lape Iesl,” irl wtlictl  all adtlesive  tape is applied



to the film surface, then peeled off. If no mctallization  was rerlloved  by the tape, the HTS film

was considered satisfactory.

In order to test the strength of wire bonding to the gold contact pads on the HTS films,

gold wires or ribbons were bonded on the “sister chips,” and pulled to break. Wire bond

failures at its heels are indicative of improper settings for the bonding machine. Appropriate

bonding machine settings were obtained after  multiple trials and errors. Further failures

occurcci at higher forces indicative of metallization  adhesion strengths.

The }+l-S films were attached to flat Ni-Au plated Kovar  carriers using silver-fi l led
.

epoxies (Ablebond  84-1 LMI). The pre-select filter was attached to an individual carrier. The

oscillator circuit was attached together with ttle nlixer  onto a sir!gle common carrier (a small

alumina substrate with a 50 ohm _f iW-Au matching microslriplinc  separates the two circuits).

The GaAs MESFET chips were attached on HTS oscillator circuits with Ablebond 84-1 LMI. The

curing of Abk?bond  84-1 LMI was done accordirlg  to ttw schedule of 1 hour at 1500C. l-his is one

of the recommended curing schedules by the manufacturer [3]. Ablcbond 84-1 if cured

according to this schedule in air results in 0.260/. Total Mass Loss (TM L), O. OIOjO Collected

Volatile Condensable Material (CVCM),  and 0.12% Water Vapor Retained (WVF<) [5]. T“his

silver epoxy therefore satisfies NASA standards for space-qualified epoxies [5] (I ML<IYo  and

CVCM<O.1%).  In addition Ablebond 84-1 LMI adhesive meets the requirements of MIL-STD-

883C,  method  5011 as reported by the manufacturer [3] (MI1.-SI  D-883D  method 5011.2

provisiorl  3.5.3 goverfls  oulgassed  rrloislurc  to be less tt~arl 0 .50/ !  V /V,  tllc! rlaturc  of olher

gaseous species  preser]t irl quantities over O.O1°/O V/V

ttle Ou[gassed materials  arc! irnporlanl  in a Ilcrnlc!ticaliy

shall bc rcportecj)

scaled package.

Corrosive contenls  of

f.arly  irl [he project, We s[udied IIlc! cffuct of curirlg scllcdulc  on 1{1 S Illir! filrlls p rocu red

1 3



from an }{1 S commercial foundary.  Metallic pads were fabricated or] ttle sLJperconducting  lines

by c-beam  evaporation of silver and gold wilt]  subsequerlt  annealir19 of ttle tll S fiIrn irl oxygen at

425oC  for 50 min. Effects  of curing cycles on Ihe transi t ion Iernpcrature  of the 111 S film in

combinat ion with di f ferent etchants,  annealing for 1 hour @ lSO°C  in air, and 24 hours

@l 000C in low vacuum was studied. The results indicated that for a HTS thin film of TC-90K,

the degradation was -0.5K maximum, In one case, for a lower quality HTS film with initial

TC-88K,  TC dropped by more than 8K maximum. In our flight receivers, we used HTS films with

in’situ gold layer which requires no annealing.

Alumina with TiW-Au  rnetallization  was used for the LNA substrates. Some procured

substrates were screened with annealing 10 3500F by manufacturer. 1 hey were inspected for

any sign of metal adhesion failure. 1 NA circuits consist of two sections which were mounted on a

Kovar carr ier  wittl  Ablcbond  84-1 1 Ml allowing a s[[lall  gap in between.  A piece of Kovar

(0.015 x 0.003 inches) was cut and glued to the carrier in the gap willl the same epoxy. 1 his

piece functions as a pedestal for IIle HEM1” device. Additional chip capacitors and chip resistors

were rnountcd  to the carrier to provide bias voltages for the HEMTs. Ablebond 84-1 LMI was

used for all LNA assemblies. 1 he epoxy was cured in an oven according to a recommended

manufacturer curing schedule. A Fujitsu F} IX-15X was placed on top of the pedestal with 84-1

LMI epoxy and annealed for an additional curing schedule ti[rle.  All HEMTs, resistors,

capacitors, and l-iW-Au  circuit elements were bonded using 0.0007 inch gold wire. The wire

bonds were pull lesled  destructively on adciitional test circui[s.  1 he pull tests satisfied ?.0 gram

minimum failure strength as required by MI L.-S-l D-883D method 2011.7.

1.NA stages were tesled  al 77K in a fixture similar to Ihe final assembly housing. A DC

block was used for ttlc tests 10 [)revent  bias voltages cortrleclillg  to the input port. Noise

tenlper’aturc!  arid gain were measured in laboratory using a [Pmrkshirc Tectlnologies  (6] supply.

14



Wire bonds were added to 1 NA A/4 transformation stage to turlc! ttle circuit for the best noise

figure. 1 he gate voltages and drain currents of the two LNA stages wcr(! adjusted for the optimum

performance. T hc LNA first stage provides fron-end IOW noise figure wtlile  tt~e secorld  stage is

tuned for maximum gain. When a satisfactory performance was achieved, a sirlgle LNA module

was delivered for integration.

1 he GaAs MESFET  transistor

inch gold wire. The oscillator circuit

described above. The oscillator was

contacts to the oscillator H1”S circuit were made with 0.001

was later populated with chip capacitors and resistors as

tesfcd alone at 77K and its slability  and phase jitter were

investigated qualitatively [7]. Bias and temperature dependence were also measured [7]. 1 Ile

best unit was integrated with a mixer circuit arid a 50 otlrn trarlsilion  microslriplinc  on a single

Kovar carrier. 1 he overall performance of rnixcr / oscillator module was tested one more titne.

[JIJo to t~igtl VSWR o! n)ixcr \ O port, a st(lb iI)icroslriplirle  was added to tl~e 50 ohm transition

line between the oscillator and mixer circuits. Wire bond jumpers protected the diodes during

the assembly and bonding process. 1 he bes! performance rllOdlUle  was delivered for integration in

the final space-qualified units. NASA LcI{C  performed vibration Iests at the module level before

its delivery.

All the modules were integarled  irl a Kovar housing. 1 Ile Kovar material was additionally

screened at JPL against y to a trarlsforrnation  a b o v e  67K ( M  I L - I - 2 3 0 1  l C ) .  This

transformation results in local deformation wtlictl  could cause loss of hermeticity  if it occurs in

the vicirlity  of orIe of the solder cdirl  f(; cdltlr;  ugtls. 1 lIo Ilousirlg  was gold plated  in the sarrlc

procedure as for tlIc carriers. 1 tie welci :,earr} lips on ttle }Iousirlg  anti ttle lid wore masked before

this process to avoid gold plating wtlictl would tlave  irltcrfelcd  with lhc herlnetic  scal ing

process.
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A hermetic DC connector was soldered in with Sri-63 at 200°C.  Space-qualified magnet

wires were laid down and cjresscd over a 10 rnil thick alumina substrale  on the housing floor

using Ablebond 84-3 non-conducting epoxy. This epoxy also satisfies NASA outgassirlg

requirements as well as adhering 10 MI L.-S1 D-883C method 5011 specifications.

“K connectors M“ [8] were used for the RF input and IF output of the receiver housing.

Hermetic K-connector glass bead feedthroughs  were soldered in place with Sri-62 and the

housing was leak-checked after three thermal cycles between room temperature and 77K.

Fifty ohm liW-Au microstriplines  on alumina substrates were prepared as RF

transition sections between mOdUleS.  Additional CrCu-Au lines we[e used as DC standoffs. These

were epoxied to the housing floors using silver epoxy Ablebond 84-1 LMI and cured according to

a manufacturer recommended schedule. Ihe bias magnet wires wer[! soldered down to rnakc!

appropriate connections.

l-he modules were scrcwecj  down in their cavities insick! tile receiver housing with 0.001

inch iridium foil shims between the housing floor and each module carrier’ for good thermal

conduction. Space-qualified #10-80 screws were torqued  to 14 irlch-Oz.

Orle thousandth of an inch diameter gold wire and 0.0005 x 0.003 inch gold ribborl were

used for RF and DC connections. Two wires or ribbons for each connection were made for DC

connections and f{F’ connectiorls  between substrates to avoid single point failures. A sirlgle

ribbon was silver- epoxied  betwc(!r~ each of IIle “K connector  ~~” feedlhrough  pins arid a

nlicrostrip  line at the [{f input arid the IF- outpul.  samples  of 10 tmds were tested for eactl  type

of bond and pulled destructively, except  for the bonds to the t{EMTs  and FE1 where fewer  than

10 samples were available. Elonds to lhe substrates passed pull tests (per MIL-Sl [)883D
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me!hod  201 1.7), of 2.0 gram for 0.0007 inch diameter gold wire, 2.5 gram for 0.001 inch

diarn(!lcr  gold  wire, and 4.5 grain for 0.0005 x 0.003 incl] gold rilhon. Doncjs  made to gold

bonding pads on YBLCO deposited using the in situ process described above passed these bonding

tests rrlcxc  readily Itlan bonds 10 ttle cornnlercial  [ E.Ts.

At this slage, ttle integrated 7.4 GHz t-n S receiver was tested at 77K and optimized noise

tcmpcralure and gain were obtained by tuning of the bias voltages and currents. The receiver

was removed from the cryogenic set-up and all inside screws were re-forqued  and staked with

epoxy 2216 [9]. Some of the long ribbons utilized for DC or F{ F- connections were staked also

with epoxy 2216 cured for 24 hours

requirements [5]. The use of this epoxy

883. The lid was placed after prc-cap

at room temperature 10 satisfy NASA outgassing

was minimized bcCalISe it does not satisfy MI L-STD-

quality inspection of ttle housing. Afler ttle capped

erlclosure  was vacuunl  baked at 1000C for ?4 hours, the Ilousir]g was laser scaled under mostly

lleliurl~ atrnosptlere  according 10 a suggested [nocjificatic)n  10 MI L.-S1 [~-883[J rnetllod  1014 .9

[10]. “The deviation is as a result of filling the enclosure with helium gas instead of argon.

Standard formulas wtlich  calculate the leak rate of a hermetic package after helium bomb are no

longer  valid. The HTS receiver was tested again after being sealed. Meanwhile, space-qualified

power  supplies were being built at JPL. 1 he construction, integration, and tests of the power

supplies adhered to the requirements of JF)L class-D instruments [4]. 1 he HI SSE-11 power

supply provides necessary voltages for five active devices inside the sealed downconverter. A

total of seven voltages are needed including the drain and gate voltages for the LNA HEMTs, the

oscillator ME.SFEI , and the rnixcr diodes. In adcjition, tllc power supply Ilas a voltage sequencing

feature for the I{EM”I devices. 1 Ilc LNA gales  were servo co[llrolled  to maintain the LNA drain

C[lrrcrlts,  Dcviccs  wore also currer~t-lirl]itcd  ‘1 l~e bcsl ~)e[folnlar~ccs  of tile HI S S  [ ” - 1 1

downconvertcrs  were obtained through optimization of the bias voltages. 1 he tests showed that

var iat ions in the bitis  vol tages withir]  5 10% of ttle optimunl  settings do not change ttle

17



performances of our cjc)w~lcorlvcrlcr significantly. Neverttlc!less, ihc }{1 SSE-11 pOWOr sllP@y

was designed such that tt~e vollages  delivered al tile downcorwerter  pins were independent of

vollage drops across Ifle wires between ltle power sLJppIy and the downconvertcr.  1 his

precaution was undertaken because we did not know Ihe resistances a priori. The temperature

- profile and physical length of the wires running between the cold bus and the ambient platform

was unknown. We have utilized sense wires on the voltages provided to the LNA drains, the

oscillator drain, the rnixcr and common to guarantee the voltages delivered were exactly the

optimized values. 1 his led us to have a total of 12 wires connecting to the downconverter,  and

reSUlted in some concern about the tl”kal load for the cold bus. l-he power supply and HTS

receiver were integrated arlcf tested together. F)otentiometcrs in the power supply were replaced

with fixed resistors. Bottl  }<1 S receiver and power supply qualification and fligtlt units were

test[!d  against NRI. supplied environ  rnorltal  requirements (vibration and thermal vacuum

cycli[l~]). Fach unit was Ic:slc!d after each siflglc ctlartge fo guar:irllce  early detcclion  of failures.

l“irlally  affer  56 hours operation, 16 cycles  to cryogoriic  temperatures, and 44 on-off

switcllings  the flight receiver and power supply were delivered to NRL.

HTS RECE:IVER  PERFORMANCE

1 Ile best perfornlar]ce  of the ur)its was obtained for ftle qualification receiver. Noise

terllpc[ alure  of 50 K :111(~  gain of 18 dl{  ivas obtairlcd  [It ex te rna l  re f r ige ra to r  po r ts  as  i s

illustrated in Figure 8. F or the flight unit, we oblained  noise tenlperature  of 76+ G K and gain of

15.:ij 1 .!, d[l irl ttlc If frcquer]cy  range of 9 5 0 - 1 2 5 0  Mt Iz, 1 Ile norllincarity  of the fligt]l

recr.;  ivcr w[is  t(:stcd  a~]:jlr]sl ir]p~jt J)ow(;r I(; vcls. AI ir]pul  f)owcr  o f - 4 0  d[lrll, (j(:vialiori  frorfl

Iirwar bof]avior  starts vwft] :I[)[)(;ararlces  of t)igt]cr frcqucrlcy  tlarf]]or}ics.  Table 1 represents tt]e
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intcrmodulation characteristics of the fligtll receiver.

1 he pcrformallcm  of the hybrid til S / somicorlduclirlg  7.4 GI{7 downconverter  can be

compared with the state-of-arl  conventional receiver. A prototype deep space receiver uses a

front-end filler with 0.73 dB inserlion  loss. l“his receiver of fc!rs a system noise temperature of

129K and 27 dB gain at room temperature. The noise temperature of our qualification HTS

receiver was 50K when operating at 77K ambient temperature. Total  power consumption was

only about 70 mW. Cooling of the state-of-art conventional receiver will most definitely

improve its performance.

A future hybrid ti_f S receiver can benefit frorrl  ttle acjvantages of the new lnP based HE’MT

dcwices.  A low-noise amplifier based or] lnP technology can offer -_/K noise arlci --28 dt3 gain. 1 I}e

r]oise tcn)peralure  of a future  Ilybrici }{-1 S  rece ive r  ea r l react] 31 K, I or corrlparison  w i th  ttie

conventional receivers, we have considered two applications:

1- f-or a hypottlcticat  communication between

Earth-C)rbit (GE O), the noise temperature of a

a low- Earth -Orbil  (1. EO) and a Geostationary  -

system with the t{l”S  receiver is 31K. This will

improve

receiver

Ihe signal-to-noise ratio by 3 d13 which directly translates to decreasing the size of the

antenna or the transmitter power by half.

2- In a Very Snlall  Aperture 1 err~linal  (VSA1 ) application, ttlc future hybrid }11 S receiver can. ,

be used inside a cryosfat.  In tlIe cryogcr]ic  settir]gs arid wifti  Iosscs of cryogor]ic  coaxial ca[)les

used f o r  irlt(!rfa(:ir]g  1I1O re(;  civer  10 anlt)i[!rll  terll[)(!(atur~, lotal  n o i s e  lerrlperature  of tllc

rc!ceivcr  is 41K. ‘1 Ilis will still irllprovc  ttlc data raie t)y a fac[or of 2, If O(IC deals wittl  a Spread

~~pc~clrum  fvl[jl[i~)l(;  A(; (;essir)g coflllll(jr)ic;i[lor] sctlerrlc, dLIC 10 III(; illl)ercrl(  r)orl linear  na tu re  o f

ttle l i n k ,  ttle nLJrlltJC!r  o f  Ilsers per bCaIII  call  n!ore IIi;lrl  cjouble a s  a  result  of lJSe  O f  ttle }{1S
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receiver on VSATS.

CONC1 USION

We have delivered two spac:e qualified Ilybrid  ~1 S / semiconducting  7.4 GHz low-noise. . . . . . . . . . . .

d.ownconverier  receivers to NRl’s  Hl”SSE-11  program. 1 he qualification unit has a n o i s e.

temperature of 50 K when operfiting  at 77K. This represents improvement over state-of-art
L- --- - ---- .- - . . . . . .

conventional receivers. A future hybrid HTS receiver using lnP based HEMT technology can
. . .

offer substantial benefits to the commercial communication industry in applications such as
.+ ..— ..- .

intersatellite-link  and VSAls.
.

In continuation of ttlis  project, a lflW / NASA LcI{C  / JPL team has d[!vised  an

experiment to valid ale a miniature, high performance rece ive r  ttlat b lends  th ree

complementary technologies; mechanical refrigerators, 1{1 S, and f:’ti EMl” Monolithic Microwave. . . .._ ___ .,-. ______ .

Integrated Circuits (MMIC).  Specific; atly, a HTS band pass filler, lnP MMIC anlplifier,  t{_fS-
%.., . . .

sapphire resonator stabilized local oscillator (LO), and a miniature pulse tube cooler

will be integrated. Tile cooled 20 Gtiz downconvertcr  will be integrated onto the Space Shullle.

A signal will be transmitted to the receiver via the Advanced Communication Technology

Satel l i te.  1 he bit error rate (HER)  will be m e a s u r e d  i n  s i t u .  7-he r e c e i v e r  i s  a l s o

equ ipped  w i th  a  raciiorlleler  nlode so ltlat  experiment success is not totally contingent

u p o n  ll~e 13Efl nlcasurerrlenl, In Itlis rrlode, ttle receivc!r uses tile E-ar[tl a n d  d e e p  s p a c e

as a 110( and cold calibration source, respectively. 1 II(I (experiment closoly sinlulates  an

actual cross-link scenario. S i n c e  [l~e [eceiver  per{orrnance  deper]ds  o n  c h a n n e l

corlditions, i t s  true ctlarac(eris(ics  woLJld bc r[~asked ill a T e r r e s t r i a l  nleasurernent  by

atrrlospt]eric  absorption ancj background radiat ion. Furttlermore, the receiver’s
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performance depends on its physical temperature, which is a sensitive function of

platform crwironmcnt.
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FIGURE CAPTIONS:

Figure 1- l-he block diagram of the hybrid t+igh T cmperalure  Superconducting / serniconducting

‘ 7.4 GHz low-noise downconverler.

Figure  2- A picture of the space-qualified qualification receiver prior to hermetic sealing. lhe

white  substrates are A1203 and the dark (actually transparent) substrates are LaAIOs which are

used for HIS  circuils.

Figure 3- A typical response of an }11 S Iilt[!r at 77K together with ttle performance of a similar

copper filler on LaA103.  Ttle dashed  line is the result of simulation of the filter performance by

adjust ing the dielectr ic corlstanl  to 23,6. 1 Ilo solid Iirle is the transrnissiorl  of llIe tesl  f ixture

with a 50 Ohm gold line replacing ttlc titters for reference.

[ igurc 4- 1 wo stages 01 ltle 7.4 G} 17 Iu,wrloise  amplifier wi[h their circuit I:iyouts.  Each slage

uses split alumina substrates with the t II Ml device placed on a Kovar pedcslal.

Figure 5- A circuit layout for the 8.4 Gltz ‘1{1 S oscillator witt} a conventional MI. S[-F1”.

Figure 6- Output power (filled signs) and frequerlcy for the HTS local oscillator versus MESFET

drain voltage as a funclion  of the gate voltage  (circles; -0.25 V, squares; -0.50 V, triangles;

-0.75 v) .

Figure 7- A circuit layout for tho cryogenic mixer. Integrated quarter-wave couplers are

utilized in LO and RF inputs.

F igure 8- Final electrical perforrnar~cc  [)1 ttlc qualification t {1 S receiver  as a function of Rf -

input frequency as determined by its noise rrleasurement.

1 :I[jlc 1- lrltcrrllo(i~Jl:iti(Jl\  ctl;ir:icteris,li  f::j ~.)i IIIC ftiqllt  } 11 S r e c e i v e r  v s  [{F irl[)~lt [Jowc’r,
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